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Well-ordered  Ti02  nanotube  arrays  with  an  inner  average  pore  diameter  of  85  nm  and  a  length  of 
15.69  jxm  are  fabricated  by  electrochemical  anodization  in  ethylene  glycol  solution  and  used  as  the 
photo-anode  in  dye-sensitized  solar  cells  (DSSCs).  The  photo-conversion  efficiency  of  the  DSSCs  is  signif¬ 
icantly  enhanced  by  appropriate  surface  treatments.  The  surface  of  the  Ti02  nanotube  arrays  is  treated 
with  titanium  (IV)  n-butoxide  using  a  hydrothermal  method  in  combination  with  an  oxygen-plasma 
treatment.  The  variations  in  the  Ti02  nanotubes  are  investigated  using  field-emission  scanning  electron 
microscopy  (FESEM),  X-ray  diffraction  (XRD),  atomic  force  microscopy  (AFM),  contact-angle  analysis, 
X-ray  photoelectron  spectroscopy  (XPS)  and  electrochemical  impedance  spectroscopy  (EIS).  Compara¬ 
tive  studies  show  that  the  surface  area  and  hydrophilicity  are  increased,  while  electron  recombination 
rate  is  decreased.  The  Ti02  nanotube  arrays  treated  by  the  combined  methods  under  optimum  condi¬ 
tions  exhibits  a  conversion  efficiency  is  approximately  double  that  of  the  untreated  Ti02  nanotube  arrays 
under  backside  illumination  conditions. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solar  energy  finds  applications  in  many  fields  because  of  its 
renewability  and  recyclability.  In  1991,  Gratzel  and  O’Reagan  pro¬ 
posed  Ti02-based  dye-sensitized  solar  cells  (DSSCs)  with  low  costs 
and  high  photo-conversion  efficiencies  [1  ].  The  Ti02  nanostructure 
is  an  attractive  oxide  semiconductor  material  for  DSSCs  because 
of  its  unique  electrical  and  electrochemical  properties  [2].  DSSCs 
contain  dye  molecules,  an  electrolyte,  an  anode  and  a  counter  elec¬ 
trode.  The  dye  molecules  in  DSSCs  are  adsorbed  onto  the  surface 
of  the  Ti02  nanostructures,  and  the  DSSCs  are  filled  with  a  liquid 
electrolyte. 

The  theory  of  DSSCs  can  be  described  as  follows:  photoexcited 
dyes  inject  electrons  into  the  conduction  band  of  Ti02  due  to  the 
higher  energy  level  of  dye  molecule  than  conduction  band  of  Ti02. 
The  loss  of  electrons  from  the  dye  results  in  the  formation  of  a  dye 
cation  (S+).  A  small  number  of  electrons  are  lost  by  the  recombina¬ 
tion  process,  but  most  are  fed  into  the  external  circuit  through  the 
conductive  glass.  The  oxidized  dye  (S+ )  is  reduced  by  the  electrolyte, 
and  the  oxidized  electrolyte  is  also  reduced  by  the  Pt  counter 
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electrode.  The  entire  circuit  is  powered  by  the  continually  regen¬ 
erated  current  [3]. 

The  Ti02  nanoparticles  and  nanoporous  films  that  form  DSSC 
anodes  exhibit  3D  randomly  packed  particle  networks.  Three- 
dimensional  Ti02  nanoparticles  exhibit  good  absorbability  because 
of  their  large  specific  surface  area,  but  these  properties  reduce  the 
charge  migration  and  diffusion  in  photovoltaic  devices  [4].  A  high 
charge-collection  efficiency  requires  that  the  transport  of  photoin- 
jected  electrons  be  faster  than  the  recombination  rate  [5]. 

To  improve  charge  transfer  and  hinder  charge  recombination, 
researchers  have  fabricated  one-dimensional  Ti02  nanotube  arrays 
by  the  electrochemical  anodization  of  Ti  foils  [6].  Many  research 
groups  have  concentrated  on  the  DSSCs  of  Ti02  nanotube  arrays 
with  Ti02  nanotubes  as  the  anode  and  a  Pt  counter  electrode  as  the 
cathode.  DSSCs  currently  possess  two  significant  disadvantages:  a 
low  photoelectric  conversion  efficiency  and  a  high  loss.  Consid¬ 
erable  effort  has  been  expended  on  enhancing  photo-conversion 
efficiency;  the  attempted  approaches  have  included  increasing  the 
tube  length  [7],  modifying  the  Ti02  nano  tube  arrays  [8],  using  elec¬ 
trolytes  [9]  and  dyes  [10],  using  front-side  illumination  [11,12]  and 
treating  the  Ti02  nanotubes  [13-19]. 

Liu  et  al.  [7]  have  fabricated  nanotube  arrays  of  different  lengths 
to  investigate  the  effects  of  the  array  lengths  on  the  conver¬ 
sion  efficiency.  Shen  et  al.  [8]  have  used  CdSe-sensitized  Ti02 
nanotubes  and  nanowires  to  evaluate  the  optical  properties  and 
conversion  efficiencies  of  DSSCs.  Flores  et  al.  [9]  have  used  a  plas¬ 
ticized  polymer  electrolyte,  which  gave  an  efficiency  of  4.03%,  at 


R.  Liu  et  al.  /  Journal  of  Power  Sources  199  (2012)  418-425 


419 


lOOmWcm-2.  Shankar  et  al.  [10]  have  employed  donor  antenna 
dyes  to  improve  the  efficiency  of  DSSCs  to  achieve  an  efficiency  of 
6.1%  with  back-side  illumination.  In  back-side  illumination,  light 
intensity  is  decreased  by  the  counter  electrode  and  the  electrolyte, 
and  the  transfer  of  electrons  is  greatly  obstructed  by  a  blocking 
layer  between  the  Ti02  and  the  Ti  substrate.  For  this  reason,  many 
researchers  choose  to  use  front-side  illumination.  Mor  et  al.  [11] 
have  sputtered  500  nm  titanium  films  onto  FTO  (fluorine  tin  oxide) 
glass  substrates  and  then  grew  highly  ordered  Ti02  nanotube  arrays 
perpendicular  to  FTO  to  generate  an  efficiency  of  2.9%.  Chen  and  Xu 
[12]  have  prepared  free-standing  Ti02  nanotube  arrays  that  they 
then  transferred  onto  FTO;  the  arrays  exhibited  an  efficiency  of  5.5% 
in  front-side  illumination. 

The  treatment  of  Ti02  nanotube  surfaces  has  become  a  popular 
method  in  recent  years.  These  methods  lead  to  increased  surface 
area,  electron  transport  and  dye-loading  ability  and  slow  electron 
recombination.  Treatment  with  TiCl4  has  been  commonly  used 
to  increase  the  efficiency  of  DSSCs.  Park  et  al.  [13]  have  used  a 
TiCl4  solution  to  treat  Ti02  nanotubes;  the  treatment  enhanced 
charge  transfer  and  improved  the  conversion  efficiency.  O’Regan 
et  al.  [14]  have  prepared  TiCl4-treated  Ti02  and  demonstrated  that 
the  efficiency  increase  is  due  to  the  increased  quantum  efficiency 
of  charge  separation  at  the  interface.  Roy  et  al.  [15]  have  used 
Ti02  nanoparticles  to  decorate  Ti02  nanotubes  with  nanocrystal¬ 
lites  with  a  typical  size  of  3  nm;  significantly  higher  dye  loading 
was  achieved,  and  the  solar  cell  efficiency  was  doubled.  The  treat¬ 
ment  of  Ti02  photo-anodes  with  02  plasma  has  also  been  reported. 
Parvez  et  al.  [16]  have  used  02  plasma  and  an  ion-beam  treat¬ 
ment  of  nanostructured  Ti02  to  enhance  the  efficiency  of  DSSCs. 
Yip  et  al.  [17]  have  combined  the  TiCl4  treatment  and  porous  layer 
deposition  for  the  treatment  of  tubes;  they  found  that  the  best 
performance  is  obtained  when  both  TiCl4  and  the  porous  layer 
treatments  are  used.  Kim  and  Kim  [18]  have  used  various  over¬ 
layers  and  an  02-plasma-treated  Ti02  electrode  to  reduce  electron 
recombination  and  increase  hydrophilicity;  the  photo-conversion 
efficiency  of  the  resulting  cells  was  greatly  improved.  Wang  and  Lin 
[19]  have  employed  TiCl4  and  02  plasma  under  optimized  condi¬ 
tions  to  treat  the  surfaces  of  Ti02  nanotube  arrays  and  significantly 
improve  the  performance  of  DSSCs. 

Surface  treatments  can  improve  the  efficiency  of  DSSCs  by  intro¬ 
ducing  mixed  morphologies  and  changing  some  of  the  properties 
of  the  electrodes’  surfaces.  In  this  work,  we  employed  titanium  (IV) 
n-butoxide  (TnB)  and  oxygen  plasma  to  modify  the  surfaces  and 
increase  the  conversion  efficiency  of  DSSCs. 


2.  Experimental 

2.1.  Preparation  ofTi02  nanotube  arrays 

The  Ti02  nanotube  arrays  were  fabricated  by  the  anodization  of 
titanium  foils  (250  [xm  thick,  2  cm  x  2.5  cm,  99.5%  purity)  with  Pt 
as  the  counter  electrode.  The  distance  between  the  two  electrodes 
was  2  cm.  The  Ti  foils  were  ultrasonically  degreased  in  detergent, 
acetone,  ethanol,  deionized  water,  nitric  acid  and  deionized  water 
for  1 0  min  in  sequence.  The  foils  were  then  dried  in  an  oven  prior  to 
anodization.  The  anodization  was  performed  at  room  temperature 
using  a  Keithley  2400  power  source  at  40  V  for  12  h  under  mag¬ 
netic  stirring  at  1 50  rpm.  The  electrolyte  contained  ethylene  glycol, 
0.3  wt%  ammonium  fluoride  and  2  vol%  water.  After  anodization, 
the  samples  were  washed  with  deionized  water  and  ultrasonically 
treated  to  remove  precipitates  from  the  surface  of  the  Ti02  nan¬ 
otubes.  Then  the  samples  were  heated  to  500  °C  in  a  furnace  at 
atmospheric  pressure  for  2  h;  the  heating  and  cooling  rates  were 
both  10°Cmin_1. 
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Fig.  1.  Schematic  illustration  of  the  fabrication  of  dye-sensitized  Ti02  nanotube 
solar  cells. 


2.2.  Surface  treatment  of  Ti02  nanotubes 

The  calcined  Ti02  nanotubes  were  treated  with  TnB  using  a 
hydrothermal  method.  In  the  hydrothermal  process,  15  g  of  TnB 
was  slowly  added  to  2M  acetic  acid  to  form  a  white  solution. 
Flydrolysis  and  condensation  were  then  performed.  After  stirring 
for  4  d,  the  color  of  the  solution  changed  from  white  to  transpar¬ 
ent.  The  Ti02  nanotubes  were  heated  to  200  °C  for  5  h,  in  a  Teflon 
container.  After  cooling  to  room  temperature,  the  treated  sample 
was  washed  with  deionized  water  and  heated  to  500  °C  in  a  furnace 
for  30  min  at  a  heating  rate  of  10°Cmin-1.  Finally,  the  nanotubes 
exposed  to  02  plasma  generated  with  a  power  of  80  W  for  different 
times. 

2.3.  Fabrication  ofli02  nanotube  solar  cells 

The  Ti02  nanotubes  and  treated  Ti02  nanotubes  were  soaked 
in  0.5  mM  solution  of  cis-diisothiocyanato-bis(2,2/-bipyridyl-4,4/- 
dicarboxylato)-ruthenium(II)bis(tetra-butylammonium)  (N71 9 
dye)  at  70  °C  for  24  h.  The  nanotubes  were  then  washed  in  ethanol 
to  remove  nonchemisorbed  dye,  dried  in  an  oven  and  calcined 
at  385  °C  for  10  min.  A  hot-melt  polymer  (Solaronix  SX1 170-25, 
60  |xm)  was  used  as  an  adhesive  spacer.  The  liquid  electrolyte  is 
comprised  of  0.1  M  Lil,  0.05  M  I2  and  0.5  M  4-tert-butylpyridine 
(TBP)  in  acetonitrile.  The  electrolyte  was  injected  between  two 
electrodes  and  was  driven  through  holes  in  the  hot-melt  seal¬ 
ing  foil  by  capillary  force.  The  platinum  counter  electrode  was 
prepared  by  spin-coating  5mM  H2PtCl6  (in  ethanol)  onto  the 
FTO  glass.  The  Ti02  electrode  and  the  counter  electrode  were 
appropriately  spaced  and  sealed  using  hot-melt  film  as  a  sandwich 
spacer.  Because  Ti  foils  are  not  transparent,  the  light  must  irradiate 
the  transparent  Pt  counter  electrode.  The  schematic  diagram  of 
configuration  of  the  DSSCs  is  shown  in  Fig.  1. 

2.4.  Characterization 

The  morphology,  length  and  pore  diameter  of  the  Ti02  nan¬ 
otubes  were  investigated  with  field-emission  scanning  electron 
microscope  (FESEM,  JEOL  JSM-7401F)  at  51<V  and  an  amplifi¬ 
cation  ratio  of  50,000.  The  surface  roughness  was  analyzed  by 
atomic  force  microscopy  (BASO-AFM).  The  crystal  structure  of 
the  Ti02  nanotubes  was  characterized  by  X-ray  diffraction  (XRD, 
PANalytical/X’Pert  PRO  MPD)  using  Cu  Ka  (A  =  0.1 54  nm)  radia¬ 
tion  at  lOkV  and  100  mA;  the  samples  were  scanned  from  20° 
to  8O°20.  The  contact  angle  is  defined  as  the  angle  between  the 
solid  surface  and  a  tangent  to  the  drop-surface.  The  advancing 
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Fig.  2.  FESEM  images  of  Ti02  nanotube  arrays:  (a)  top,  (b)  cross-sectional,  (c)  magnified  cross-sectional  and  (d)  bottom  views. 


contact  angles  of  expanding  droplets  were  determined  using  a 
Digidrop  contact-angle  measuring  device.  The  02  plasma  generator 
(Dressier,  Cesar-1 36)  was  operated  under  a  vacuum  of  500  mtorr  at 
80  W.  The  amounts  of  dye  loading  were  determined  using  UV-vis 
spectroscopy  (Jasco  V-600);  the  samples  were  placed  into  lOmM 
KOH  to  desorb  the  dye.  The  slit  width  was  2.0  mm,  the  step 
was  0.5  nm,  and  the  scanned  wavelength  range  was  250-800  nm. 
X-ray  photoelectron  spectroscopy  (XPS,  Kratos  Axis  Ultra  DLD)  pat¬ 
terns  were  obtained  using  a  monochromatic  Al-anode  X-ray  gun. 
Photocurrent-voltage  characteristics  were  measured  under  sim¬ 
ulated  solar  light  (AM  1.5,  lOOmWcm-2)  using  a  Keithley  2400 
sourcemeter;  the  active  area  of  the  solar  cells  was  0.25  cm2.  Elec¬ 
trochemical  impedance  spectra  (EIS)  are  measured  at  open  circuit 
voltage  with  a  bias  of  10  mV  in  frequency  from  10_1  to  105  Hz  to 
analyze  the  electron  transport  properties.  An  appropriate  equiva¬ 
lent  circuit  model  is  employed  to  fit  the  impedance  spectra  of  Ti02 
naotubes  photo-anode  by  ZsimpWin  software. 


3.  Results  and  discussion 

Fig.  2  shows  typical  FESEM  images  for  the  Ti02  nanotube  arrays. 
The  average  inner  diameter  of  the  Ti02  nanotube  arrays  is  85  nm, 
the  average  wall  thickness  is  lOnm  (Fig.  2a),  and  the  average  tube 
length  is  15.69  pum  (Fig.  2b).  As  evident  in  the  figures,  the  pores  are 
uniform  and  closely  packed.  The  magnified  cross-sectional  image 
(Fig.  lc)  shows  straight  and  smooth  tube  walls,  and  the  bottom 
view  (Fig.  Id)  indicates  that  the  bottoms  of  tubes  are  closed  well. 
However,  the  FESEM  images  of  the  Ti02  nanotubes  treated  by  TnB 
using  the  hydrothermal  method  indicate  the  formation  of  some 


additional  materials  on  the  top  surface,  as  shown  in  Fig.  3a.  The 
additional  materials  may  be  Ti02  nanoparticles,  and  Fig.  3c  also 
shows  that  some  Ti02  particles  were  grown  on  the  tube  wall.  These 
Ti02  particles  can  increase  the  surface  area  to  allow  higher  dye 
adsorption.  However,  they  can  also  form  a  very  thin  blocking  film, 
in  which  case  the  scattering  of  free  electrons  and  the  trapping 
of  electrons  at  the  interfaces  may  enhance  charge  transport  and 
reduce  charge  recombination.  The  diagram  [20]  in  Fig.  4  demon¬ 
strates  the  effect  of  the  TnB  treatment.  As  the  schematic  illustrates 
the  thin  film  can  theoretically  be  formed  during  the  cycling  process. 
In  practice,  the  amounts  of  Ti02  nanoparticles  need  to  be  optimized 
because  the  blocking  film  is  too  thick  to  transport  electrons,  i.e.,  it 
may  increase  charge  recombination.  The  tube  length  of  TnB-treated 
Ti02  nanotubes  is  not  significantly  changed.  The  morphology  of 
combined  02  plasma-treated  Ti02  nanotubes  also  do  not  change 
(figure  is  not  given). 

On  the  basis  of  the  SEM  images,  we  have  estimated  the  approx¬ 
imate  surface  roughness  factor  (rf)  of  the  Ti02  nanotubes.  Eq.  (1 )  is 
shown  as  follows  [3]: 


rf=  4;r(  dp  +  ft>) 

V3P 


(1) 


where  dp,  l  and  go  are  the  pore  inner  diameter,  the  distance  between 
centers  of  Ti02  nanotube  arrays  and  wall  thickness,  respectively. 
Because  of  the  closely  packed  and  compact  structure  of  the  Ti02 
nanotubes,  they  can  be  assumed  to  be  idealized  structures,  i.e.,  the 
spacing  between  the  tubes  is  assumed  to  be  zero.  Based  on  Eq.  (1 ), 
the  estimated  roughness  factor  of  the  Ti02  nanotubes  is  62.48.  In 
case  of  TnB-treated  Ti02  nanotubes,  the  pores  are  irregular,  which 
precludes  the  use  of  Eq.  (1)  to  estimate  the  roughness  factor. 
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Fig.  3.  FESEM  images  of  TnB-treated  Ti02  nanotube  arrays:  (a)  top,  (b)  cross-sectional  and  (c)  magnified  cross-sectional  views. 
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Fig.  4.  Schematic  diagram  of  the  formation  of  Ti02  thin  films  on  the  Ti02  nanotube  arrays. 


Fig.  5.  AFM  analysis  of  (a)  Ti02  nanotubes,  (b)  TnB-treated  Ti02  nanotubes  and  (c)  TnB  and  02  plasma-treated  Ti02  nanotubes. 
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(b) 


Fig.  6.  The  contact  angle  analyzed  pattern  of  (a)  Ti02  nanotubes  and  (b)  TnB  and  02  plasma-treated  Ti02  nanotubes. 


The  surface  topography  and  roughness  were  further  investi¬ 
gated  by  atomic  force  microscopy  (AFM).  The  3-D  AFM  images 
of  Ti02  nanotubes  and  TnB-treated  Ti02  nanotubes  are  shown 
in  Fig.  5.  The  root  mean  square  parameter  (Rq)  and  the  average 
roughness  (Ra)  are  140.4  and  107.2  for  the  TnB-treated  Ti02  nan¬ 
otubes  and  78  and  60.6,  respectively,  for  the  Ti02  nanotubes.  The 
average  roughness  of  the  Ti02  nanotubes  is  consistent  with  the  cal¬ 
culated  value.  As  evident  in  Fig.  5,  the  difference  in  the  roughness 
factors  between  the  TnB-treated  Ti02  nanotubes  and  the  Ti02  nan¬ 
otubes  arises  from  the  surface  treatment.  However,  slightly  less 
roughness  was  observed  after  the  1 0  min  02  plasma  treatment  was 
applied,  which  indicates  that  the  02  plasma  treatment  reduced  the 


Banding  energy  (eV) 


Banding  energy  (eV) 


surface  contamination.  The  higher  roughness  factor  indicates  that 
the  treated  Ti02  nanotubes  exhibited  a  higher  specific  surface  area. 
The  larger  the  roughness  factor  is,  the  greater  the  adsorption  of  the 
dye. 

Fig.  6  shows  the  contact  angle  measurements  for  the  Ti02  nan¬ 
otubes  and  the  combination-treated  Ti02  nanotubes.  The  contact 
angle  decreased  from  27.1°  to  11.5°,  which  indicates  that  the 
hydrophilicity  was  increased  after  the  10  min  02  plasma  treat¬ 
ment.  Tsoi  et  al.  [21  ]  have  demonstrated  that  02  plasma  treatment 
is  an  effective  technique  for  saturating  the  metal-oxide  surface 
with  hydroxyl  groups.  According  to  the  rule  of  similarity,  there  is  a 
strong  interaction  between  hydroxyl  groups  and  water  molecules, 


Fig.  7.  High-resolution  XPS  spectra  of  (a  and  b)  Ti02  nanotubes  and  (c  and  d)  TnB  and  02  plasma-treated  Ti02  nanotubes. 
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Fig.  8.  XRD  patterns  of  samples:  (a)  uncalcined,  (b)  Ti02  nanotubes  calcined  at 
500  °C,  (c)  TnB-treated  Ti02  nanotubes  and  (d)  TnB-  and  02  plasma-treated  TiCh 
nanotubes. 


which  increases  hydrophilicity  and  facilitates  the  adsorption  of  dye. 
Park  and  Dhayal  [22]  have  reported  that  O2  plasma  treatment  can 
increase  hydrophilicity  because  of  the  increased  number  of  car¬ 
boxylic  groups  at  the  surface  of  Ti02. 

XPS  was  used  to  examine  the  change  of  the  surface  charge 
states  of  Ti02  nanotubes  and  functionalities  at  the  surface.  High- 
resolution  Ti  (2p)  and  0  (Is)  XPS  spectra  of  Ti02  nanotubes  and 
02  plasma-treated  nanotubes  are  shown  in  Fig.  7.  The  Ti  (2p)  XPS 
spectra  of  the  Ti02  nanotubes  and  the  Ti02  nanotubes  treated  with 
10  min  02  plasma  exhibited  four  peaks.  The  surface  stoichiometry 
was  determined  by  calculating  the  relative  peaks  of  the  total  areas 
for  Ti  (2p)  and  0  ( 1  s).  Table  1  summarizes  the  stoichiometric  values 
of  the  atomic  contents  of  the  different  valence  states.  Approxi¬ 
mately  87.6%  of  the  titanium  surface  state  for  the  Ti  (2p)  peaks 
for  the  untreated  Ti02  nanotubes  was  Ti4+.  The  Ti3+  surface  state 
for  Ti  (2p)  was  increased  from  12.4%  to  15.3%  after  the  combined 
treatments,  in  which  the  reaction  Ti02  (Ti4+)  Ti202  (Ti3+)  occurs 

at  the  surface  of  the  Ti02  nanotubes.  The  relative  change  is  also 
observed  in  the  0  ( 1  s)  XPS  spectra.  The  ratio  of  the  Ti203  peak  areas 
increased  from  21%  to  29.5%  after  the  combined  treatments.  This 
result  suggests  that  the  higher  oxidation  states  (Ti4+)  were  reduced 
to  Ti3+.  The  reduction  of  Ti4+  to  Ti3+  also  generated  oxygen  vacancies 
and  redundant  electrons,  which  can  change  the  electronic  struc¬ 
ture.  The  02  plasma  treatment  can  generate  various  species,  such 
as  O-,  02_,  0+  and  02+  ions,  H*  and  OH*  radicals  and  energetic 
photons.  The  0+  and  02+  species  oxidize  Ti3+  ions  to  Ti4+  in  Ti02 
nanotubes.  The  introduction  of  O-  and  02_  species  reduced  Ti4+  to 
Ti3+  states,  which  supported  the  transport  of  electrons  and  holes 
between  dye  molecules  and  the  photo-anode  after  the  combined 
treatments.  Carboxyl  functionality  was  simultaneously  increased, 
which  indicates  that  the  interaction  between  the  carboxylic  groups 
and  the  dye  molecules  was  strengthened,  in  accordance  with  the 
results  of  Park  and  Dhayal  [22]. 

XRD  was  used  to  confirm  the  crystal  phases  of  the  Ti02  nan¬ 
otubes  and  the  treated  Ti02  nanotubes  that  were  annealed  at 
500  °C  for  2h.  The  results  are  shown  in  Fig.  8.  In  the  absence  of 


Fig.  9.  Current-voltage  characteristics  of  dye-sensitized  Ti02  nanotube  solar  cells. 


annealing,  the  as-anodized  Ti02  nanotubes  are  amorphous,  and 
only  the  diffraction  peaks  of  the  Ti  substrate  are  evident,  as  reported 
in  previous  studies  [23].  For  the  nanotubes  annealed  at  500  °C,  the 
characteristic  peaks  at  25.28°  and  48.04°  can  be  assigned  to  the 
(2  0  0)  and  (101)  planes,  respectively,  of  the  anatase  phase.  For 
the  samples  treated  with  TnB  and  10  min  02  plasma,  the  peaks 
are  similar  to  the  untreated  sample,  which  indicates  that  surface 
modification  has  no  influence  on  the  crystallization  of  the  Ti02  nan¬ 
otubes.  This  result  also  confirms  that  the  as-formed  Ti02  particles 
are  converted  to  the  anatase  phase  after  the  particles  have  been 
annealed  at  500  °C  for  2  h. 

To  verify  the  amounts  of  dye  absorption,  UV-vis  spectroscopy 
measurements  were  performed  on  the  desorbed  dyes.  On  the  basis 
of  Beer’s  law,  the  dye  loading  can  be  obtained  by  fitting  the  absorp¬ 
tion  at  510  nm  to  the  calibration  curve.  The  dye  loading  values  are 
listed  in  Table  2.  For  only  TnB  treatment,  dye  loading  is  increased 
to  4.98  x  10-8molcm-2.  This  probably  arises  from  the  fact  that 
formed  Ti02  particles  can  increase  the  surface  area  to  allow  higher 
dye  absorption.  Combined  surface  treatments  result  in  higher  dye 
absorption,  and  the  best  results  were  obtained  with  both  TnB 
and  10  min  oxygen  plasma  treatments.  The  properly  combination- 
treated  Ti02  nanotubes  exhibit  a  greater  hydrophilicity  and  a 
greater  surface  area,  which  results  in  a  greater  absorption  of  dye 
molecules.  However,  amounts  of  dye  absorption  were  decreased 
with  increasing  to  15  min  02  plasma  exposures,  which  are  likely 
attributed  to  the  lower  surface  roughness  and  hydrophilic  ability 
after  longer  time  02  plasma  treatment.  Another  possible  reason 
is  that  the  number  of  oxygen  vacancies  increases  for  prolonged 
plasma  exposure  by  XPS  analysis,  leading  to  decreased  electrostatic 
interaction  between  the  Ti4+  sites  in  Ti02  and  carboxylic  groups  of 
the  N719  dye.  The  weaker  interaction  of  between  the  Ti02  nan¬ 
otubes  and  dye  can  reduce  the  dye  loading. 

In  general,  good  DSSCs  exhibit  three  features:  higher  dye 
adsorption,  a  lower  recombination  of  electrons  and  immediate 
electron  transport.  Fig.  9  shows  the  effects  of  TnB  and  differ¬ 
ent  02  plasma  treatment  times  on  the  I-V  characteristics  of 
DSSCs.  The  electron  lifetime  (r)  was  determined  by  electrochemi¬ 
cal  impedance  spectroscopy  (EIS).  To  see  clearly,  bode  plots  of  the 


Table  1 

XPS  relative  peak  areas  with  respect  to  the  total  area  of  the  Ti  2p  and  Ols  peaks  for  untreated  and  combination-treated  Ti02  nanotubes. 


Sample 

Ti4*  (2pi/2) 

Ti4*  (2P3,2) 

Ti3*  (2p1/2) 

Ti3*  (2p3/2) 

Ti02 

Th03 

Untreated  (%) 

29.1 

58.5 

6.7 

5.7 

79.0 

21.0 

Treated  (%) 

23.5 

61.2 

9.3 

6.0 

70.5 

29.5 
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Table  2 

Photovoltaic  performance  of  DSSCs  under  AM-1.5  illumination. 


Surface  treatment 

Dye  loading  (mol cm-2) 

r  (ms) 

Voc  (V) 

;sc  (mAcm-2) 

Fill  factor 

r}(%) 

No 

3.53  x  10“8 

8.8 

0.575 

6.40 

0.513 

1.89 

TnB 

4.98  x  10“8 

32.4 

0.590 

7.34 

0.561 

2.43 

TnB  and  02  plasma  (5  min) 

5.54  x  10“8 

76.2 

0.700 

7.45 

0.605 

3.15 

TnB  and  02  plasma  (10  min) 

7.48  x  10“8 

46.8 

0.620 

9.06 

0.577 

3.24 

TnB  and  02  plasma  (15  min) 

6.01  x  10“8 

133.8 

0.761 

7.56 

0.641 

3.68 

TnB  and  02  plasma  (20  min) 

5.97  x  10“8 

40.9 

0.600 

7.50 

0.620 

2.79 

obtained  data  are  exhibited  in  Fig.  10(A)  and  (B),  respectively.  Gen¬ 
erally,  there  are  three  frequency  peaks  -  low  (in  the  range  of  mHz), 
medium  (in  the  range  at  1-1 00  Hz)  and  high  (in  the  range  of  kHz) 
frequency  peak.  The  high  frequency  peak  is  attributed  to  the  charge 
transfer  at  the  counter  electrode,  and  the  low  frequency  peak  is 
associated  with  the  diffusion  in  the  electrolyte.  The  electron  trans¬ 
port  in  Ti02  nanotubes  and  charge  reaction  at  the  Ti02 /electrolyte 
interface  are  reflected  in  the  medium  frequency.  The  corresponding 
characteristic  mid-frequency  peak  (/max)  for  Ti02  nanotubes,  TnB, 
TnB  and  5  min  02  plasma,  10  min  02  plasma,  15  min  02  plasma 
and  20  min  02  plasma  treatment  located  at  18  Hz,  4.9  Hz,  2.09  Hz, 
3.4  Hz,  1.19  Hz  and  3.89  Hz,  respectively.  The  electron  lifetime  can 
be  estimated  by  the  medium  frequency  as  Eq.  (2)  [24,25]:  The  corre¬ 
sponding  values  are  also  summarized  in  Table  2.  For  the  untreated 
Ti02  nanotubes,  DSSCs  exhibited  a  Jsc  value  of  6.40  mAcm-2,  a  V0c 
value  of  0.575  V  and  a  fill  factor  (FF)  of  0.513,  to  give  an  overall  con¬ 
version  efficiency  of  1.89%.  When  TnB  was  incorporated  into  the 
surface  and  tube  wall  of  the  Ti02  nanotube  arrays,  the  conversion 
efficiency  of  the  DSSCs  was  2.43%,  with  a  Jsc  of  7.34  mA  cm-2,  a  V0c  of 
0.590  V  and  a  FF  of  0.561 .  As  can  be  seen,  the  Jsc  value  was  increased 
as  it  indicates  that  the  presence  of  Ti02  nanoparticles  allows  high 
dye  absorption  by  TnB  treatment.  The  more  electrons  were  injected 
from  the  dye  to  the  conduction  band  of  the  Ti02  nanotubes  with 
increasing  dye  absorption,  which  resulted  in  the  higher  light  har¬ 
vesting.  The  Voc  value  is  slightly  enhanced.  That  is  because  that  a 
thin  blocking  layer  of  Ti02  nanoparticles  formed  on  the  Ti02  nan¬ 
otubes  and  an  uncovered  region  of  Ti  substrate  increase  immediate 
electron  transport  from  the  tube  walls  to  the  bottom  of  Ti02  nan¬ 
otubes.  The  blocking  layer  and  uncovered  substrate  also  decrease 
the  surface  charge  recombination.  Moreover,  it  can  diffuse  more 
redox  species  inside  the  pores  after  TnB  treatment,  which  leads  to 
an  increased  electron  lifetime.  As  a  result,  the  conversion  efficiency 


is  enhanced.  After  the  combined  TnB  and  5  min  02  plasma  treat¬ 
ments,  the  overall  conversion  efficiency  of  the  DSSCs  was  increased 
to  3.1 5%,  with  a Jsc  of  7.45  mA  cm-2,  a  Voc  of 0.700  V  and  a  FF  of 0.605. 


27r/max 


An  effective  enhancement  of  V0c  was  achieved  by  the  02  plasma 
treatment.  The  open-circuit  voltage  (V0c)  depends  on  the  electron 
lifetime,  as  shown  in  Eq.  (3): 


r  = 


-kBT 


dV0( 


dt 


(3) 


where  I<bT is  the  thermal  energy,  e  is  the  positive  elementary  charge, 
and  dV0ddt  is  the  derivative  of  the  V0c  transient,  in  which  the  V0c 
value  is  corresponding  to  electron  lifetime.  The  electron  lifetime  for 
TnB  and  5  min  02  plasma  treatment  is  much  longer  than  TnB  treat¬ 
ment.  It  can  be  explained  that  the  02  plasma  treatment  maybe  occur 
discharge  reaction  at  the  surface:  Ti02  +  ftv^Ti02*(hVb+ect>-), 
where  the  number  of  electrons  in  conduction  band  of  Ti02  nan¬ 
otubes  is  increased  [22].  Excess  electrons  can  increase  potential 
between  Fermi  energy  of  Ti02  nanotubes  and  redox  couple  of  elec¬ 
trolyte,  that  is  reduced  the  recombination  rate.  Combined  surface 
treatment  on  Ti02  photo-anodes  not  only  increased  the  dye  load¬ 
ing  but  also  increased  electron  lifetime  between  injected  electrons 
in  the  Ti02  conduction  band  and  I3_  in  the  electrolyte. 

The  most  interesting  finding  is  exceptional  performance  of 
DSSCs  for  10  min  02  plasma  treatment.  Although  the  conversion 
efficiency  and  Jsc  value  was  increasing  as  elongating  the  02  treat¬ 
ment  time  up  to  10  min,  the  V0c  value  was  decreased  sharply. 
The  great  improvement  of  Jsc  value  should  be  attributed  to  the 
highest  dye  absorption  and  an  increased  light  harvesting.  How¬ 
ever,  the  increase  adsorbed  dye  molecules  would  produce  more 


Frequency  (Hz) 


Frequency(Hz) 


Fig.  10.  Electrochemical  impedance  spectroscopy  (EIS)  results  (Bode  plots)  of  Ti02  nantoubes  and  treated  Ti02  nanotubes. 
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recombination  sites,  resulting  in  a  lowed  V0c  and  electron  lifetime. 
The  two  effects  appeared  to  be  competitive  each  other,  in  which 
extent  of  the  increase  in  Jsc  is  much  greater  than  the  extent  of  the 
decrease  in  V0c-  Therefore,  the  overall  conversion  efficiency  shows 
a  systematic  increase  with  increasing  the  time  of  02  plasma  expo¬ 
sure. 

The  highest  efficiency  was  3.68%,  almost  double  the  conversion 
efficiency  of  Ti02  nanotube  arrays,  for  a  15  min  02  plasma  expo¬ 
sure,  with  a  Jsc  of  7.56  mA  cm-2,  a  V0c  of  0.761  V  and  a  FF  of  0.641. 
Although  JSc  is  a  little  lower,  V0c  achieves  the  peak  value.  Flowever, 
the  conversion  efficiency  could  not  further  enhance  with  increas¬ 
ing  to  20  min  02  plasma  treatment.  The  02  plasma  treatment  can 
generate  various  species,  such  as  O-,  02-,  0+  and  02+  ions,  and 
the  amounts  of  each  species  can  vary  with  the  exposure  time  of  02 
plasma.  This  result  may  be  due  to  the  formation  of  more  O-  and  02~ 
species  during  prolonged  plasma  exposures,  leading  to  an  increased 
the  number  of  oxygen  vacancies.  Oxygen  vacancies  are  beneficial 
to  a  recombination  of  electrons  between  the  conduction  bands  of 
Ti02  nanotubes  and  the  I3-  ions  of  the  electrolyte  [26].  The  elec¬ 
tron  lifetime  and  V0c  value  consequently  decreased.  The  conversion 
efficiency  might  be  further  increased  with  a  longer  tube  structure, 
a  different  electrolyte  composition  and  front-side  illumination. 

4.  Conclusion 

We  have  employed  an  optimal  surface-treatment  technique  to 
improve  the  efficiency  of  DSSCs.  The  surfaces  of  the  Ti02  nano  tubes 
were  treated  with  TnB  using  a  hydrothermal  method  in  combi¬ 
nation  with  an  oxygen  plasma  treatment.  SEM  and  AFM  analysis 
confirmed  the  presence  of  a  barrier  layer  formed  by  Ti02  nanoparti¬ 
cles  on  the  Ti02  nanotubes.  The  02  plasma  treatments  increased  the 
surface  hydrophilicity  and  the  amount  of  Ti3+  sites,  as  determined 
by  contact-angle  and  XPS  measurements.  On  the  basis  of  UV-vis 
absorption  spectra,  dye  absorption  was  increased  by  the  combined 
TnB  and  02  plasma  treatments.  The  effect  of  the  combined  treat¬ 
ments  also  enhanced  the  V0c  and  Jsc  values,  which  resulted  in  an 
approximate  doubling  of  the  conversion  efficiency  relative  to  the 
untreated  Ti02  nanotube  arrays.  This  technique  offers  a  feasible 
method  to  improve  the  efficiency  of  DSSCs  and  provides  a  starting 
point  for  further  applications. 
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